The interleukin 18 receptor (IL18R1) gene is a strong candidate gene for asthma. It has been implicated in the pathophysiology of asthma and maps to an asthma susceptibility locus on chromosome 2q12. The possibility of association between polymorphisms in IL18R1 and asthma was examined by genotyping seven SNPs in 294, 342 and 100 families from Denmark, United Kingdom and Norway and conducting family-based association analyses for asthma, atopic asthma and bronchial hyper-reactivity (BHR) phenotypes. Three SNPs in IL18R1 were associated with asthma (0.01131rPr0.01377), five with atopic asthma (0.00066rPr0.00405) and two with BHR (0.01450rPr0.03203) in the Danish population; two SNPs were associated with atopic asthma (0.00397rPr0.01481) and four with BHR (0.00435rPr0.03544) in the UK population; four SNPs showed associations with asthma (0.00015rPr0.03062), two with atopic asthma (0.01269rPr0.04042) and three with BHR (0.00259rPr0.01401) in the Norwegian population; five SNPs showed associations with asthma (0.00005rPr0.03744), five with atopic asthma (0.00001rPr0.04491) and three with BHR (0.03568rPr0.04778) in the combined population. Three intronic SNPs (rs1420099, rs1362348 and rs1974675) showed replicated association for at least one asthma-related phenotype. These results demonstrate significant association between polymorphisms in IL18R1 and asthma.
Introduction
Asthma is a multifactorial respiratory disease determined by interactions of multiple disease susceptibility genes and environmental factors. 1 The pathophysiology of asthma is characterized by variable airway obstruction, bronchial hyper-reactivity (BHR) and airway inflammation caused by release of cytokines and other mediators from both immune and structural cells. 2 The cytokine interleukin 18 (IL18) has been implicated in several inflammatory diseases including asthma. 3 IL18 was initially identified as an interferon (IFN)-g-inducing factor, but plays multiple IFNg-dependent and -independent roles in the regulation of both innate and acquired immunity. It functions as a crucial regulator of IgE production through balancing the T H 1-cell-and T H 2-cell-mediated immune responses. 4 In synergy with IL12, IL18 inhibits IgE expression through activating the T H 1 cell-mediated immune responses that induce IFN-g expression. 5 In the absence of interleukin 12 (IL12), IL18 stimulates the production of IgE through promoting the T H 2 cell-mediated immune reactions that enhance the expression of interleukin 4 (IL4) and interleukin 13 (IL13). 6, 7 IL18 elicits its immunoregulatory functions by binding to IL18 receptor (IL18R), a member of the IL1 receptor superfamily. IL18R is a heterodimer of IL18R1 and IL18R2 (also known as IL18Ra and IL18Rb); IL18R1 is responsible for IL18 binding and IL18R2 for initiating signal transduction. 8, 9 The interaction of IL18 and IL18R triggers myeloid differentiation 88 (MyD88)-dependent signal transduction pathways, including activation of IL1R-associated kinases, tumor necrosis factor receptor-associated factor 6, and the other downstream effectors; which induces the activation of activator protein 1 and the nuclear translocation of nuclear factor kB (NF-kB), 10 -13 which may in turn increase transcription of IL4 and IL13. 6, 7 Several studies have shown associations between IL18 gene variants and asthma related phenotypes, 14 -16 but there are no reports of association with variants in IL18R. IL18R1 is located on chromosome 2q12, 17 a region containing numerous immunoregulatory genes that have shown evidence for linkage to asthma and atopic phenotypes. 18 -21 IL18R1 is the sole receptor transducing the important immunomodulatory effects of IL18 and is thus also a good biological candidate gene for asthma. The aim of this study was to evaluate a number of IL18R1 variants in a family-based association study by investigating a large Danish population with 294 families and 1151 subjects, together with two replication populations from the United Kingdom and Norway. Our results demonstrate significant association between IL18R1 polymorphisms and asthma-related phenotypes.
Materials and methods

Study populations and phenotypes
Primary Study Population The Denmark collection of 294 families with 1151 subjects was investigated at the Department of Respiratory Medicine, Hvidovre University Hospital, Hvidovre, Denmark. In the selection of these families, at least two siblings with clinical asthma were required. The ascertainment procedure for the Danish collection is described elsewhere. 22 Replication population A total of 342 families ascertained from the United Kingdom as a part of the Genetics of Asthma International Network (GAIN) were selected as a replication population. Four sets of samples collected from the different centers: 94 families with 401 subjects from Aberdeen, UK; 73 families with 301 subjects from Leicester, UK; 93 families with 399 subjects from Sheffield, UK and 82 families with 345 subjects from Stoke-on-Trent, UK. In the selection of these families, at least two siblings with clinical asthma were required. The ascertainment procedure for the GAIN collection is described elsewhere. 23 The second replication population consisted of 100 families with 414 subjects ascertained from Norway as a part of the GAIN collection. All subjects were evaluated using standard protocols. Baseline spirometry was performed according to American Thoracic Society criteria. Methacholine challenge test was performed on those subjects with percent-predicted FEV 1 of 70% or more. A bronchodilator response test was done in those subjects where percent predicted FEV 1 was less than 70%. Skin prick tests were performed for a panel of common aeroallergens. The studies were approved by appropriate institutional review boards and an appropriate informed consent was obtained from each subject. The clinical characteristics of the ascertained families are listed in Table 1 .
Three qualitative phenotypes were assessed: (1) asthma, a participating physician examined these patients and made a clinical diagnosis of asthma based on common asthma symptoms, medication history, lung function and skinpick tests; (2) atopic asthma was defined as asthma and at least one positive skin allergen test and (3) bronchial hyper-reactivity (BHR) was defined as a positive methacholine response (Z20% reduction in FEV 1 ) at or below 8 mg/ ml of methacholine. Table 2 . These SNPs were genotyped in the three populations by a modification of the single base chain extension assay as previously described. 24 Parental genotype data were used to assess Hardy -Weinberg equilibrium using an exact method. 25 For each population, all SNPs were in Hardy -Weinberg equilibrium (P-values40.05). The PedCheck program was used to test Mendelian inconsistencies in the genotype data from each family population. 26 No genotyping inconsistencies were detected.
Statistical analyses
Family-based association test (FBAT) version 1.7.3 27 was used to assess the association of each single SNP with asthma, atopic asthma and BHR. Biallelic tests were performed for SNPs under an additive genetic model. Haplotype-based association test was done using the HBAT function of the FBAT program with Monte Carlo sampling in the family data. 28 Using an SNP sliding window approach (adjacent three SNPs), the results of global and haplotype-specific statistics were reported. P-valueso0.05 from the analyses were considered the nominally significant levels. Since seven SNPs were evaluated, the adjusted significant P-values are o0.0071 (ie, 0.05/7) after Bonferroni correction for multiple testing. Haplotype results were considered as nominally significant if the global P-values were o0.05. Because five haplotypes were tested, adjusted significant P-values were o0.01 (ie, 0.05/5). In view of the high correlation between the three asthma and asthmarelated phenotypes, we chose not to correct for testing of the three phenotypes in order to avoid being overconservative. The linkage disequilibrium (LD) measures were performed using Haploview version 4.0. 29 The r 2 for each pair of SNPs was calculated, and haplotype blocks were defined using the confidence-intervals algorithm described by Gabriel et al.
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Results
Single SNP association analysis We evaluated seven SNPs in the IL18R1 gene; the location and characteristics of these SNPs are summarized in Table 2 and the results of single SNP association analysis are shown in Table 3 . We detected significant association between SNPs within the IL18R1 gene and asthma phenotypes in all the three populations. In the Danish population, three SNPs were associated with asthma (0.01131rPr0.01377), five with atopic asthma (0.00066rPr0.00405) and two with BHR (0.01450rPr0.03203). SNPs 2 (rs1420099), 4 (rs1362348), 5 (rs2058622) and 6 (rs1974675) were still significantly associated with atopic asthma after Bonferroni multiple correction. In the UK population, two SNPs were associated with atopic asthma (0.00397rPr0.01481) and four with BHR (0.00435rPr0.03544). SNP 6 (rs1974675) remained significantly associated with atopic asthma and BHR after multiple correction. In the Norwegian population, four SNPs were associated with asthma (0.00015rPr0.03062), two with atopic asthma (0.01269rPr0.04042) and three with BHR (0.00259rPr0.01401). SNPs 2 (rs1420099), 4 (rs1362348) and 6 (rs1974675) were still significantly associated with asthma after multiple testing correction, while SNPs 4 (rs1362348) and 6 (rs1974765) remained significantly associated with BHR after multiple testing correction. In the combined population, five SNPs were associated with asthma (0.00005rPr0.03744), five with atopic asthma (0.00001rPr0.04491) and three with BHR (0.03568rPr0.04778). SNPs 2 (rs1420099), 4 (rs1362348) and 6 (rs1974675) were significantly associated with asthma even after correction for multiple testings. The SNPs 2 (rs1420099), 4 (rs1362348), 6 (rs1974765) and 7 (rs1420094) remained significantly associated with atopic asthma after correction for multiple testing. Several SNPs showed significant replicated associations for the same phenotype in two or more populations. SNPs 2 (rs1420099), 4 (rs1362348) and 6 (rs1974675) were replicated for asthma in Danish and Norwegian populations. SNP 2 (rs1420099) was replicated for atopic asthma in Danish and UK populations; SNP 4 (rs1362348) was replicated for atopic asthma in Danish and Norwegian populations; SNP 6 (rs1974675) was replicated for atopic asthma in Danish, UK and Norwegian populations. SNP 2 The second allele is minor allele and its frequency (F).
IL18R1 and asthma G Zhu et al (rs1420099) was replicated for BHR in UK and Norwegian populations and both SNPs 4 (rs1362348) and 6 (rs1974675) were replicated for BHR in Danish, UK and Norwegian populations.
Linkage disequilibrium analysis Figure 1 shows pair-wise LD (r 2 ) values for the seven SNPs in the IL18R1 gene in Danish, UK and Norwegian populations. The same two haplotype blocks were revealed in all three populations. SNPs 1 (rs2287037), 2 (rs1420099) and 3 (rs1420098) were located in the 5 kb block 1 and there was strong pair-wise correlation of SNPs 1 and 3 in the three populations. SNPs 4 (rs1362348), 5 (rs2058622), 6 (rs1974675) and 7 (rs1420094) were in the 31 kb block 2 and there was strong pair-wise correlation between SNPs 4 and 6 in the three populations. In addition, there was strong pair-wise correlation between SNPs 2 and 4, and 4 and 6. The positive finding from this study was mainly the associations with SNPs 2, 4 and 6. LD figures indicate these SNPs are almost in complete LD. Thus, this study identified an association of these SNPs, which are in tight LD with asthma and related phenotypes.
Haplotype analysis
To capture additional information on the LD structure and provide greater power in detecting association than was obtained from single SNP association analysis, we performed haplotype-based association analysis. The significant results of haplotype analyses of asthma, atopic asthma and BHR are listed in Table 4 . In the Danish population, four adjacent SNP combinations showed significant association with asthma (0.00735rp-globalr0.02843 and 0.00289rp-specificr0.01102), five haplotypes with atopic asthma (0.00110rp-globalr0.00181 and 0.00073rp-specificr0.00156) and one haplotype 2-3-4 with BHR (pglobal ¼ 0.04174 and p-specific ¼ 0.01929). Haplotype 2-3-4 was still significantly associated with asthma after Bonferroni multiple correction. Haplotypes 1-2-3, 2-3-4, 4-5-6 and 5-6-7 remained significantly associated with atopic asthma after multiple correction. The significant findings of the haplotype analyses were also detected in the replication populations from the United Kingdom and Norway. In the UK population, one haplotype 4-5-6 was significantly associated with asthma (p-global ¼ 0.03527 and p-specific ¼ 0.02407), three haplotypes with atopic asthma (0.00942rp-globalr0.03891 and 0.00839rp-specificr0.03024) and four haplotypes with BHR (0.00821rp-globalr0.03652 and 0.00609rp-specificr0.01901). Haplotype 4-5-6 was still significantly associated with atopic asthma and BHR after multiple correction. In the Norwegian population, five haplotypes showed significant association results with asthma (0.00077rp-globalr0.01084 and 0.00024rp-specificr0.00370), two with atopic asthma (0.03390r p-globalr0.04601 and 0.01822rp-specificr0.02049) 
Discussion
We identified significant association between genetic variations in IL18R1 and asthma phenotypes using a family-based design in three populations, with SNPs 4 (rs1362348) and 6 (rs1974675) showing replicated evidence of association in all three populations. SNP 2 (rs1420099) showed significant association that was replicated in two populations. The results of haplotype analyses strongly supported the single marker results. SNP 1 (rs2287037), which is located in the promoter region (À68 G/A) and may function in transcriptional regulation, was associated with BHR in the UK population. The haplotype 1 (rs2287037)-2 (rs1420099)-3 (rs1420098) involving SNP 1 (rs2287037) showed significant replicated association in two populations. Two polymorphisms have previously been identified in the promoter region of the IL18R1 at positions À69 and À638 relative to the transcriptional start site. 31 A three-base deletion (950del CAG) polymorphism is also reported in the promoter of the IL18R1 gene, which is generated by alternative splicing and is associated with reduced production of IFN-g in the Japanese population. 32 We therefore postulate SNP rs2287037 (À68 G/A) may modify IL18R1 gene transcription and thus IL18 functional effects relevant to asthma.
Three genetic association studies of IL18R1 and different diseases have been reported previously. Hoffjan et al 33 did not detect significant association between a single microsatellite marker in IL18R1 and atopic dermatitis in a 154 gene association study with a population of 150 subjects. Nadif et al 34 failed to demonstrate an association between a single IL18R1 variant (À69C/T) and coal workers' pneumoconiosis in 200 subjects. Tiret et al 35 did not observe any significant association of 10 SNPs in IL18R1 with cardiovascular disease in a population with 1288 subjects. In this study, however, we identify significant replicated associations of IL18R1 with asthma and asthma-related phenotypes in the three independent populations. Moreover, a recent study has emphasized the biological importance of IL18R1 and asthma G Zhu et al IL18R1 in inflammatory lung disease, with marked protection of IL18R1-deficient mice from cigarette smokeinduced pulmonary inflammation. 36 Association studies provide a potentially powerful approach to identify genetic variants that influence susceptibility to common complex diseases, but the results are often inconsistent. 37 Inconsistencies may arise due to false positive studies, false negative studies, population stratification or true variability in genetic determinants among different populations. 38 The present study has the following merits. (1) The analyses were based on three separate populations, including two large ones from Denmark and United Kingdom with power Z80% as reported previously. 39 Relatively small sample size is a reason for failure to detect and replicate associations across studies. (2) The design was a family-based analysis, which excluded the possibility that the significant associations detected were false positives due to the chance of population admixture and substructure. (3) The results of the significant associations were replicated in the different populations from the three countries with the same allele, the same SNPs and the same phenotypes. Usually, the association in a gene is replicated with a varied phenotype, with dissimilar polymorphisms within the same gene, and with distinct alleles of the same variant. 40 Thus, our replication of association was highly consistent, which made the significance of the detected associations reliable. (4) The IL18R1 gene was associated with a number of asthma-related phenotypes. Only a few genes have been shown to be associated with several asthma-related phenotypes. 1 (5) The significance of some single SNP and haplotype associations remained after multiple corrections, reducing the possibility of false positive results. Our study has several limitations. (1) Only SNPs in IL18R1 gene, but not in IL18R2 gene, were genotyped in our study. (2) Seven SNPs were selected based on the NCBI database but not from the LD tagging SNPs of all SNPs in IL18R1 gene. However, the selected SNPs were distributed in such a way as to capture most of the genetic information. (3) Only one functional SNP within the promoter was genotyped and studied. In order to test whether more functional SNPs are in LD with significant SNPs in our study with r 2 Z0.8, 41 we downloaded SNPs within IL18R1 from HapMap Caucasian data. Unfortunately, four nonsynonymous SNPs, rs11465635 (Arg4His), rs11465644 (Asn4Lys), rs11465648 (Ser4Asn) and Haplotypes with a global P-value o0.05 are shown. Specific P-value represents the P-value of the most significant specific haplotype. Haplotype frequency represents the frequency of the most significant specific haplotype. The relative position of the SNPs in the haplotypes combinations corresponds to the SNPs ids given in Table 2 .
IL18R1 and asthma G Zhu et al rs12619169 (Gly4Arg) are monomorphic (Their alleles are G/G, C/C, G/G and G/G, respectively) in the Caucasian HapMap-CEU panel (see Supplementary Table 1S) . Also, we found the same results of these SNPs from the NCBI database. Thus, we were unable to evaluate whether the significant SNPs in our study are in LD with these putative functional SNPs that may determine disease susceptibility. More work has to be done to identify functional variations more fully and to evaluate the effects of specific variants on gene function.
In conclusion, our genetic association studies, including analyses of both single markers and haplotypes, have revealed replicated significant associations between polymorphisms in IL18R1 gene and asthma, atopic asthma and BHR. Additional molecular functional studies are needed to investigate the role of variants in IL18R1 in the pathophysiology of asthma.
